EPSCs at the synapses of sensory receptors and of some CNS neurons include large events thought to represent the synchronous release of the neurotransmitter contained in several synaptic vesicles by a process known as multiquantal release. However, determination of the unitary, quantal size underlying such putatively multiquantal events has proven difficult at hair cell synapses, hindering confirmation that large EPSCs are in fact multiquantal. Here, we address this issue by performing presynaptic membrane capacitance measurements together with paired recordings at the ribbon synapses of adult hair cells. These simultaneous presynaptic and postsynaptic assays of exocytosis, together with electron microscopic estimates of single vesicle capacitance, allow us to estimate a single vesicle EPSC charge of approximately Ϫ45 fC, a value in close agreement with the mean postsynaptic charge transfer of uniformly small EPSCs recorded during periods of presynaptic hyperpolarization. By thus establishing the magnitude of the fundamental quantal event at this peripheral sensory synapse, we provide evidence that the majority of spontaneous and evoked EPSCs are multiquantal. Furthermore, we show that the prevalence of uniquantal versus multiquantal events is Ca 2ϩ dependent. Paired recordings also reveal a tight correlation between membrane capacitance increase and evoked EPSC charge, indicating that glutamate release during prolonged hair cell depolarization does not significantly saturate or desensitize postsynaptic AMPA receptors. We propose that the large EPSCs reflect the highly synchronized release of multiple vesicles at single presynaptic ribbon-type active zones through a compound or coordinated vesicle fusion mechanism.
Introduction
The release of chemical transmitter at a neuromuscular junction displays several properties that simplified its analysis at that specialized synapse. A single motor nerve terminal has as many as a thousand presynaptic active zones, each of which contains a handful of docked synaptic vesicles. During normal neurotransmission, each docked vesicle's probability of release is low, ϳ0.1-0.2, and independent of that of other vesicles. Invasion of the presynaptic terminal by an action potential evokes an excitatory endplate current that represents the summation of many smaller events that are nearly-but not exactly-synchronous. Consistent with this hypothesis, lowering the probability of release by reducing the extracellular Ca 2ϩ concentration reveals that each postsynaptic event represents an integer multiple of a fixed quantum. Like a spontaneous miniature endplate current of similar magnitude, this quantum is thought to represent the postsynaptic response to the transmitter released from a single synaptic vesicle (Martin, 1977) .
Although neurotransmission at synapses of the CNS shares the fundamental features of neuromuscular signaling, there are several important differences (Korn et al., 1993) . Synaptic boutons are small and contain only one or a few active zones; as a consequence, the total number of vesicles released is small. The mechanism of transmitter release may vary between synapses or even at a particular synapse, with both complete exocytosis and kiss-and-run release of transmitter through a transitory fusion pore (Harata et al., 2001) . The final feature, and the subject of the present communication, is so-called multiquantal release: individual EPSCs vary severalfold in amplitude, suggesting that the larger events represent the synchronous release of transmitter equivalent to that contained in several vesicles (Frerking et al., 1997) . However, few studies have actually demonstrated this for spontaneous and evoked EPSCs (Tong and Jahr, 1994; Llano et al., 2000; Singer et al., 2004) .
The ribbon synapses of vertebrate sensory receptors, including both neurons such as photoreceptors and epithelial cells such as hair cells, share numerous features with central nervous synapses (Heidelberger et al., 2005; Sterling and Matthews, 2005; Nouvian et al., 2006) . In particular, recordings from afferent fibers of the eighth cranial nerve reveal that individual postsynaptic events, whether spontaneous or evoked, vary widely in size (Glowatzki and Fuchs, 2002; Keen and Hudspeth, 2006) . Although the large events have been presumed to be multiquantal, it has not proven possible to demonstrate that each represents a multiple of a more basic response, that is, a quantum (Starr and Sewell, 1991; Siegel, 1992; Rossi et al., 1994) . Several factors complicate this endeavor. Fluctuation analysis of hair cell capacitance measurements suggests a lower degree of multiquantal release by more mature hair cells than is estimated from EPSC recordings of afferent fibers (Neef et al., 2007) , and large EPSCs might originate from single vesicles with higher glutamate concentrations (Henze et al., 2002) . Furthermore, in contrast to photoreceptor ribbontype synapses (Pang et al., 2008) , hair cell afferent fibers display Ca 2ϩ -independent mean EPSC amplitudes (Goutman and Glowatzki, 2007) . In the present study, we have performed experiments meant to determine the quantal size underlying multiquantal EPSCs.
Materials and Methods
Physiological preparation. All procedures followed university-approved animal care protocols and guidelines. Adult bullfrogs (Rana catesbeiana) were sedated in an ice bath for ϳ20 min, then double-pithed and decapitated. Amphibian papillae were dissected in oxygenated artificial perilymph containing (in mM): 120 NaCl, 2 KCl, 2 CaCl 2 , 3 D-glucose, 1 creatine, and 5 HEPES at pH 7.30 (240 mOsmol ⅐ kg
Ϫ1
). Hair cells and their innervating afferent fibers were exposed by procedures described previously (Keen and Hudspeth, 2006) . During recordings, the preparation was placed in HEPES-buffered perilymph or perfused continuously at 2-3 ml/min with bicarbonate-buffered perilymph continuously bubbled with 95% O 2 and 5% CO 2 and containing (in mM): 95 NaCl, 2 KCl, 2 CaCl 2 , 1 MgCl 2 , 3 D-glucose, 1 creatine, 1 Na-pyruvate, and 25 NaHCO 3 at pH 7.30 (230 mOsmol ⅐ kg
). Tetrodotoxin was added to the recording solution at a concentration of 1 M to block voltage-gated Na ϩ channels.
Electrophysiology. Whole-cell recordings were obtained at room temperature with borosilicate glass pipettes pulled to resistances of 2-4 M⍀ for hair cells and 8 -10 M⍀ for afferent fibers. Internal solutions were composed of either (in mM): 110 CsCl, 0.5 MgCl 2 , 2 EGTA, 5 Na 2 ATP, and 10 HEPES at pH 7.30 (240 mOsmol ⅐ kg
) or 80 Cs-gluconate, 20 CsCl, 10 TEA-Cl, 2 EGTA, 3 Mg-ATP, 0.5 Na-GTP, and 10 HEPES at pH 7.30 (240 mOsmol ⅐ kg
). Whole-cell voltage-clamp recordings of afferent fibers and hair cells were performed with an Axopatch 200A amplifier (Axon Instruments) or a double EPC-9/2 amplifier (HEKA Elektronik).
Hair cells and afferent fibers were held at Ϫ80 or Ϫ90 mV. Holding potentials were corrected for junction potentials (4 mV for the CsCl and 10 mV for the gluconate solution) but not for the voltage drop across the uncompensated series resistance. The average series resistance (R s ) in the whole-cell mode was 18 Ϯ 6 M⍀ for 18 hair cell recordings and 31 Ϯ 9 M⍀ for 15 afferent fiber recordings. The voltage-clamp time constant was ϳ100 -200 s for hair cell and afferent fiber recordings. Because the measured rise times of EPSCs and the voltage-clamp time constant of our recordings are similar, we may have overestimated the true rise times of EPSCs (Jonas et al., 1993; Wen and Brehm, 2005 ). An excessive series resistance could cause significant errors in EPSC amplitudes: amplitude distributions displayed a significant leftward shift if the series resistance exceeded 50 M⍀ (see supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), so we excluded from analysis all afferent fiber recordings meeting that criterion.
For iontophoretic experiments, the preparation was bathed in a Ca 2ϩ -free solution containing 0.1 mM EGTA. Borosilicate glass pipettes were pulled to resistances of 80 -100 M⍀ when filled with 0.5 M CaCl 2 at pH 7.0. A steady-state holding current was applied to prevent diffusional leakage of Ca 2ϩ from the pipette. Iontophoretic currents of 1-3 nA were delivered with an Axoclamp-2A amplifier (Axon Instruments). Stimuli were presented and data acquired with programs written in LabVIEW (National Instruments) or with Pulse software (HEKA). Currents were low-pass filtered at 8 kHz and sampled at 10 s intervals or filtered at 2 kHz and sampled at 50 s intervals.
Statistical analysis of coincident EPSCs. We used a Poisson process to model the generation of events. The Poisson distribution gives the probability of single or multiquantal events. The likelihood of a record with a set {a i } of m events of nonzero amplitude is
in which M ϭ T / ⌬t is the length T of the record divided by the deconvolution resolution ⌬t, and q n (a) gives the likelihood of an event of size a being composed of n events. The tension between the rate determined by the silence as opposed to the mean amplitude of events is represented by competition between the initial exponential term and the product term. Significant jitter in the generation and detection of amplitudes {a i } means that q tends to be broad: most of the histograms we examined did not display discernable peaks at integer multiples of the quantum. We require that both mean and variance of q n should scale with n. To enforce positivity of event sizes-there are no EPSCs with current flowing in the wrong direction-we used q n (a): Gamma(n␣ 2 ␤, ␣␤), in which ␣ is the mean and ␤ is the accuracy (inverse variance) when n ϭ 1. We also performed the calculation with q n (a): Normal(n␣, n/␤), but this change did not make a significant difference.
The model admits two kinds of solutions, corresponding to the null and alternate hypotheses. The latter intrinsically requires an additional parameter describing the rate at which orchestrated fusion occurs. However, by using a family of models that spans both null and alternate hypotheses, we simplify the problem (Gelman et al., 2004) . When ␣ is small and ␤ is large, multiquantal events are explained by the coincidence of multiple small events of size ␣. Conversely, when ␣ is large and ␤ is small, it is the action of orchestrated release that explains multiquantal events. We marginalize over and ␤, leaving the marginal likelihood as a function of ␣ only. Optimizing ␣ gives the maximum likelihood solution at ␣ from the family of models. The null hypothesis is simply the special case of ␣ ϭ 1 quantum. The ratio L(␣ ϭ ␣ ) / L(␣ ϭ 1) can be interpreted as evidence in favor of the alternate hypothesis.
Capacitance measurements and data analysis. Whole-cell membrane capacitance measurements from hair cells were performed under voltage clamp with the "Sine ϩ DC" method (Lindau and Neher, 1988 ) using a double EPC9/2 amplifier and Pulse software (HEKA). Pipettes were coated with wax to minimize stray capacitance and to achieve better pipette capacitance compensation. A 1 kHz sinusoidal command voltage of 50 mV peak-to-peak magnitude was superposed on the hair cell holding potential of Ϫ90 mV. The resulting current response was used to calculate presynaptic capacitance, membrane resistance, and series resistance with the Pulse software emulator of a lock-in amplifier (Gillis, 2000) .
Data analysis was performed with Mini Analysis (Synaptosoft; Jaejin Software), Excel (Microsoft), Mathematica (Wolfram Research), and IGOR Pro (WaveMetrics). Spontaneous EPSC events were also detected and analyzed with software written by Dr. H. Taschenberger (Max Planck Institute for Biophysical Chemistry, Göttingen, Germany) using an optimally scaled template method (Clements and Bekkers, 1997) . All average results are reported as means Ϯ SDs for n different cells. For example, each mean peak EPSC amplitude ϮSD was obtained from recordings from n afferent fibers. For each fiber, EPSC events were measured and an average peak value was calculated from all events of that fiber. The reported mean peak EPSC was then the average over the EPSC values from the n fibers, and the SD was calculated from those n values. Similarly, a coefficient of variation was calculated for each fiber recording and the mean coefficient of variation was an average of the individual values from the n fibers (Prism 4.0; GraphPad).
Electron microscopy. The preparative techniques for the electron microscopic observations have been described previously (Keen and Hudspeth, 2006) .
Results
The amphibian papilla, the principal auditory receptor of the bullfrog, provides a useful experimental preparation for the investigation of neurotransmission at an adult ribbon synapse (Keen and Hudspeth, 2006) . In the central portion of this organ, where afferent fibers are tuned to frequencies of 400 -800 Hz (Smotherman and Narins, 2000) , each hair cell contacts one or a few nerve fibers that may readily be visualized by differential interference contrast optics. At each of a hair cell's several active zones, synaptic vesicles are clustered around a roughly ellipsoidal presynaptic dense body or synaptic ribbon. On release from vesicles, the excitatory neurotransmitter glutamate activates AMPA receptors in the postsynaptic membrane. It is straightforward to record by the wholecell, tight-seal technique from either a presynaptic hair cell or a postsynaptic nerve fiber; simultaneous recordings from both elements of the synapse are also possible.
Spontaneous EPSCs
Even in the absence of stimulation, afferent fibers displayed a brisk rate of spontaneous EPSCs (Fig. 1 A) . Recordings from nine fibers revealed postsynaptic events at a rate of 60 Ϯ 28 s Ϫ1 and of widely varying magnitude. In determining the amplitude distribution of spontaneous EPSCs, we found that a low access resistance of the recording electrode, preferably Ͻ40 M⍀, was critical: the voltage error and filtering produced by a greater series resistance systematically reduced the number of large events and skewed the amplitude distribution toward smaller events (supplemental Fig. 1 , available at www.jneurosci. org as supplemental material). In satisfactory recordings with a stable low series resistance, the amplitude distribution of spontaneous EPSCs was typically well fit with a Gaussian function ( Fig.  1 B) . The amplitude of spontaneous EPSCs from seven fibers held at a membrane potential of Ϫ90 mV averaged Ϫ129 Ϯ 24 pA, and the coefficient of variation was 0.35.
Regardless of amplitude, most spontaneous EPSCs displayed smooth onset and decay phases (Fig. 1C) without the interruptions characteristic of imperfectly superposed quantal events at the neuromuscular junction. Although lowering the ambient temperature from 22°C to 15°C desynchronizes release at the neuromuscular junction (Martin, 1977) , this manipulation failed to reveal inflection points in the rise or decay phases of EPSCs (supplemental Fig. 2 , available at www. jneurosci.org as supplemental material). For the average of 10 events with amplitudes of Ϫ100 Ϯ 1 pA from each of nine fibers, the 10 -90% rise time was 0.25 Ϯ 0.01 ms at 22°C. In recordings from eight fibers, the decay phase of EPSCs was well fit by a single exponential function with an average time constant of 0.48 Ϯ 0.05 ms (Fig. 1 D) .
If larger events arise from the superposition of multiple quantal events, they might be expected to display broadening because of slight differences in the times at which their constituent vesicles undergo exocytosis (Wall and Usowicz, 1998; Wen and Brehm, 2005) . On the contrary, the temporal characteristics of EPSCs were independent of their amplitudes (Fig. 1 D) . An analysis of seven fiber recordings showed no significant difference in the waveforms of small and large EPSCs. Unlike the evoked postsynaptic events at the neuromuscular junction, then, the putatively multiquantal events at the hair cell's synapse reveal no substructure indicative of independent but nearly coincident vesicle fusions.
AMPA receptor antagonists
If large EPSCs represent multiquantal fusions at individual presynaptic active zones, they should generate a higher concentration of glutamate in the synaptic cleft than smaller, uniquantal events. A low-affinity, rapidly dissociating AMPA receptor antagonist, such as ␥-D-glutamylglycine (␥-DGG), may be used to test whether larger EPSCs reflect the presence of more cleft glutamate. If this is the case, ␥-DGG will block small EPSCs more effectively than large ones (Wadiche and Jahr, 2001; Singer et al., 2004; Christie and Jahr, 2006) .
When we applied ␥-DGG, all EPSCs were reduced in amplitude compared with those recorded in control solution (Fig. 2 A) . We determined the average amplitudes of two subsets of events ( Fig. 2 A) : those with amplitudes at the tenth percentile (E 10% values within Ϯ2 pA) and those with amplitudes at the ninetieth percentile (E 90% values within Ϯ2 pA). We normalized E 90% events in ␥-DGG to their counterparts in control solution. Normalizing E 10% events by the same ratio revealed that E 10% events were blocked to a greater extent by ␥-DGG (Fig. 2 B) .
As a control, we applied NBQX, a high-affinity antagonist of AMPA receptors. In the presence of NBQX, E 90% and E 10% events were blocked to a similar extent (Fig. 2C) . The average normalized ratio of E 10% /E 90% was significantly smaller for ␥-DGG versus control (six cells) but not for NBQX versus control (five cells) (Fig. 2 D) . Furthermore, the average frequency of EPSCs did not change after ␥-DGG or NBQX application (control, 94 Ϯ 86 s Ϫ1 ; ␥-DGG, 102 Ϯ 80 s Ϫ1 , six fibers; and control, 67 Ϯ 58 s Ϫ1 ; NBQX, 68 Ϯ 52 s Ϫ1 , five fibers), indicating that these drugs do not exert a significant presynaptic effect. These results suggest The amplitude distribution of 4884 spontaneous EPSCs is fit well with a Gaussian function (red). The average EPSC amplitude is Ϫ137 pA. The noise amplitude distribution is shown in gray. C, Averages of 10 -20 EPSCs with amplitudes of Ϫ50 Ϯ 2 pA (green), Ϫ100 Ϯ 2 pA (blue), and Ϫ200 Ϯ 2 pA (red) show that events of these different size classes possess smooth rise and decay phases. D, Normalization of the three groups of EPSCs in C reveals that they have similar kinetics. The dashed black line is a single-exponential fit to the decay phase of the Ϫ50 pA group. Traces in A-C are all from the same afferent fiber recording.
that the variability in EPSC amplitude is dominated by differences in presynaptic glutamate release rather than in the properties of postsynaptic afferent fibers.
Ca
2؉ iontophoresis Because afferent fibers in the amphibian papilla form multiple terminal branches onto hair cells, we ordinarily sample release events from several presynaptic active zones in our postsynaptic recordings. Thus, large EPSCs could in principle represent the simultaneous fusion of vesicles at distinct synaptic ribbons. To determine whether large events can originate from a single active zone, we bathed the preparation in a zero Ca 2ϩ solution to silence spontaneous activity and applied Ca 2ϩ iontophoretically with a Ca 2ϩ -filled pipette. Control experiments with fluorescent Ca 2ϩ indicators confirmed that iontophoretic application was highly localized to the region near the application pipette (data not shown). Brief pulses of Ca 2ϩ were sufficient to evoke EPSCs similar in amplitude to the largest spontaneous EPSCs recorded from the same fiber in control solution (Fig. 3) . Similar results were observed in three recordings. These experiments demonstrate that large EPSCs can arise from a single active zone and suggest that large spontaneous events originate from single synaptic ribbons.
Effect of hair cell hyperpolarization
In an effort to demonstrate quantal components in the putatively multiquantal events, we next attempted to reduce the cytoplasmic concentration of Ca 2ϩ , the presumed trigger for synaptic release, by presynaptic hyperpolarization during paired recordings. We compared spontaneous EPSCs before and after lowering the membrane potential of the hair cell from its control resting level of approximately Ϫ60 mV to Ϫ80 mV or Ϫ90 mV. Hyperpolarizing a hair cell reduced the frequency of EPSCs and selectively eliminated large events (Fig. 4) . The EPSC amplitude during hyperpolarization of 10 hair cells to Ϫ90 mV fell to a mean value of Ϫ57 Ϯ 13 pA. In the seven recordings with sufficient events for analysis, the coefficient of variation averaged 0.29, a value close to those obtained at the neuromuscular junction (Del Castillo and Katz, 1954) and at individual central synapses (Forti et al., 1997 ; for review, see Auger and Marty, 2000; Crowley et al., 2007) .
The amplitude distributions of spontaneous EPSCs under control conditions do not display modal peaks (Figs. 1 B, 4C) . Similar results are found at other CNS synapses with multiple release sites (but see Jonas et al., 1993; Silver et al., 1996) . At these synapses, lowering release probability also reduces the average EPSC amplitude. To determine whether our spontaneous EPSC distributions might contain multiquantal events, we fitted them with sums of Gaussians of the putative quantal event that predominates during hair cell hyperpolarization to Ϫ90 mV (data not shown). The results of these analyses were consistent with the possibility that most spontaneous events are multiquantal, reflecting the simultaneous fusion of two to three synaptic vesicles.
To determine the corresponding value for the postsynaptic charge transfer, we also calculated the integrals of the EPSCs recorded during hair cell hyperpolarization. Because the waveforms of EPSCs do not vary with amplitude ( Fig. 1 D) , the charge transfer distribution displayed a similar Gaussian profile with a mean value of Ϫ50.2 Ϯ 2.8 fC when the hair cell was held at Ϫ90 mV.
Possible superposition of events
Could large EPSCs be caused by the coincident, but independent, fusion of single quanta? If fusion events are independent, the probability of coincidences depends only on the ability of the recording apparatus and our deconvolution algorithm to resolve individual EPSCs. A conservative estimate of the resolution of our maximum entropy deconvolution algorithm at typical noise levels is that it separates events as close as 0.5 ms. In a 10 s stretch of spontaneous activity in which we encountered 443 EPSCs, we would, therefore, expect fewer than 10 to occur sufficiently close together to register as multiquantal events. Yet more than 75% of the 443 events are large, leading to a mean of two quanta. Is coincidence of independent events a good explanation for this? Intuitively, it seems not: the distribution of silences suggests a low rate of coincidence, ϳ2% for this record, yet the majority of the EPSCs are larger than the putatively quantal events.
Although we lack an understanding of the mechanism of vesicle release, we can consider two general modes of explanation. Our null hypothesis is that a single process generates independent events that occasionally coincide. Alternatively, there could be an additional process that orchestrates release such that multiquantal events occur most of the time. Although coincidences would ). The blue trace shows that 2 mM ␥-DGG, a low-affinity AMPA receptor antagonist, reduces the amplitudes of both small and large events. B, After averaging 10 -20 events each from the E 90% and E 10% classes, events within Ϯ2 pA, under control circumstances (black) or in the presence of 2 mM ␥-DGG (blue), the result for the E 90% class in ␥-DGG is normalized to that in control solution (green). When the same normalization factor is applied to the E 10% results, that for ␥-DGG (green) is substantially smaller than that in control solution (black), indicating that ␥-DGG blocks smaller EPSCs more efficaciously. C, In a comparison of EPSCs in control solution (black) with those in 100 nM NBQX (red), normalization shows that events in the E 90% and E 10% classes are blocked to a similar extent (green). D, When the ratios (E 10% / E 90% ) for results in ␥-DGG (blue) and NBQX (red) are normalized to their corresponding controls, the normalized ratio is significantly reduced by ␥-DGG (6 cells) but not by NBQX (5 cells). Statistical significance was evaluated with a paired Student's t test.
still occur under the alternate hypothesis, the additional cooperative process would explain most of the large events. When we compared the marginal likelihoods of these two hypotheses for the record described above, the weight of evidence in favor of the alternative explanation was a formidable 9 ⅐ 10 157 . A similar calculation for a segment of the same length but containing only one-tenth the number of events yielded a factor of 8 ⅐ 10 13 . These results confirm the intuitive impression that large EPSCs do not arise from the superposition of independently released quanta.
Ca
2؉ dependence of release To investigate the voltage and Ca 2ϩ dependence of multiquantal release, we performed paired recordings in which the membrane potential of the hair cell was progressively depolarized from a holding potential of Ϫ90 mV. By comparing the resulting EPSC amplitudes in the presence of 2 mM EGTA, our standard presynaptic Ca 2ϩ buffer, or of 10 mM BAPTA, a fast Ca 2ϩ buffer, we were able to distinguish between the effects of voltage and Ca 2ϩ on release.
During hyperpolarization to membrane potentials more negative than Ϫ70 mV, EPSCs were infrequent and averaged approximately Ϫ55 pA in amplitude (Fig. 5 A, B) . Depolarization to potentials between Ϫ70 and Ϫ65 mV in the presence of EGTA raised the frequency of events and increased their average size to Ϫ106 Ϯ 32 pA (434 events from six cells). In contrast, the same depolarization in the presence of BAPTA resulted in EPSCs with an average size of Ϫ59 Ϯ 20 pA (80 events from five cells) (Fig.  5C ). Hair cell depolarization per se is, therefore, not the determining factor for triggering multiquantal release (Zhang and Zhou, 2002) .
The effect of Ca 2ϩ chelation by BAPTA could be overcome by greater depolarization. In the voltage range of Ϫ55 mV to Ϫ50 mV, EPSCs reached a mean amplitude of Ϫ151 Ϯ 38 pA (1153 events from five cells). This response was similar to that of Ϫ125 Ϯ 43 pA (480 events from five cells) for hair cells containing EGTA and held between Ϫ65 mV and Ϫ60 mV. These results imply that multiquantal release requires an increase in the intracellular free Ca 2ϩ concentration. The inability of 10 mM BAPTA to completely block release during greater hair cell depolarization implies that Ca 2ϩ channels lie in close proximity to exocytosiscompetent vesicles. This conclusion accords with previous studies showing a tight colocalization of synaptic ribbons, the organelles presumably involved in exocytosis, with the sites of Ca 2ϩ influx into hair cells (Issa and Hudspeth, 1994; Zenisek et al., 2003) .
To confirm that Ca 2ϩ -channel activation is necessary to elicit multiquantal release, we blocked Ca 2ϩ channels with 0.4 mM Cd 2ϩ (Fig. 6C ). For six afferent fiber recordings, the average amplitude of 398 spontaneous EPSCs was Ϫ54 Ϯ 8 pA, and their rate was greatly reduced. In two of these recordings, removing the Cd 2ϩ restored large spontaneous EPSCs. In the other four recordings, an increasing series resistance during the very slow washout of Cd 2ϩ precluded the demonstration of reversibility. Postsynaptic currents elicited by glutamate ejection onto the afferent fibers were not significantly different in the presence of 0.4 mM Cd 2ϩ (data not shown). These results demonstrate that both the amplitude and the frequency of EPSCs are Ca 2ϩ -dependent at an adult hair cell synapse. Conditions of high release probability promote multivesicular release at several synapses (Wadiche and Jahr, 2001; Singer et al., 2004; Christie and Jahr, 2006) . In contrast, although the EPSC frequency was Ca 2ϩ -dependent, the distribution of spontaneous EPSC amplitudes and the mean evoked EPSC amplitude were found not to be Ca 2ϩ -dependent at the synapses of juvenile rat inner hair cells (Glowatzki and Fuchs, 2002; Goutman and Glowatzki, 2007) . We suggest that the immature nature of those synapses may explain these differing results, for synaptic properties change significantly during mammalian postnatal development (Wall and Usowicz, 1998; Johnson et al., 2005) .
Presynaptic capacitance measurements
During exocytosis, the incorporation of vesicular membrane into the plasma membrane transiently increases the capacitance of secretory cells (Neher and Marty, 1982; Angleson and Betz, 1997) and synaptic terminals (Heidelberger et al., 1994; von Gersdorff and Matthews, 1994; Sun and Wu, 2001; Hallermann et al., 2004) . To obtain an estimate of the rate of vesicle fusion, we stimulated exocytosis by depolarizing a hair cell from a holding potential of Ϫ90 to Ϫ30 mV and measured the change in membrane capacitance. We simultaneously recorded the presynaptic Ca 2ϩ current borne by L-type channels (Parsons et al., 1994; Rodriguez-Contreras and Yamoah, 2001; Schnee and Ricci, 2003; Edmonds et al., 2004) .
At the holding potential of Ϫ90 mV, 15 hair cells from the bullfrog's amphibian papilla displayed an average capacitance of 11.6 Ϯ 1.5 pF. A 500 ms depolarization increased their capacitance by 99 Ϯ 39 fF. Because neither the series resistance nor the membrane resistance changed after the depolarization, the capacitance measurement was devoid of conductance artifacts (Fig.  6 A) (Horrigan and Bookman, 1994 increased monotonically for hair cell depolarizations from 10 to 1000 ms (Fig. 6 B) . Because the capacitance returned to its baseline value with an exponential time constant of ϳ11 s (data not shown), capacitance measurements made within 100 -500 ms of the depolarizing pulse should not be significantly affected by membrane retrieval. The extracellular application of 200 -400 M Cd 2ϩ blocked both the presynaptic Ca 2ϩ current and the capacitance increase in four experiments (Fig. 6C) , indicating that depolarization-evoked vesicle fusion requires Ca 2ϩ influx (Parsons et al., 1994) .
Paired presynaptic and postsynaptic recordings
Simultaneous recordings from a hair cell and its innervating fiber permitted us to correlate the rate of vesicle fusion, as manifested by a change in the presynaptic capacitance, with the rate of transmitter release, as measured by an evoked postsynaptic current. Presynaptic depolarizations that produced robust capacitance changes also resulted in large postsynaptic responses with highly overlapping EPSCs (Fig. 7A) . As a measure of the postsynaptic response, we therefore measured the cumulative postsynaptic charge transfer or integral of the postsynaptic current.
During a sustained depolarization, the postsynaptic charge transfer first rose briskly, then continued to increase at a lower, nearly constant rate (Fig. 7B) . Averaged over 11 recordings, the kinetics of the postsynaptic response accorded with that of the average presynaptic capacitance increase in six hair cells. These results are consistent with exocytosis from a readily releasable pool of vesicles followed by a reserve pool (Moser and Beutner, 2000; Lenzi et al., 2002; Edmonds et al., 2004; Spassova et al., 2004; Griesinger et al., 2005; Johnson et al., 2005; Schnee et al., 2005; Rutherford and Roberts, 2006) . The close agreement between postsynaptic charge transfer and capacitance increases suggests that neither desensitization nor saturation of AMPA receptors occurs to a significant degree at this synapse (Wölfel et al., 2007) . This conclusion agrees with that drawn from in vivo afferent fiber recordings from the goldfish's sacculus, which showed no change in the size of miniature EPSPs during periods of silence or intense sound stimulation (Furukawa et al., 1978; Starr and Sewell, 1991) . Ribbon synapses between bipolar and amacrine cells of the retina also display no desensitization during a prolonged presynaptic depolarization (Singer and Diamond, 2006) . Ribbon synapses operate by the tonic release of glutamate and, thus, may have specialized properties that avoid AMPA receptor desensitization and saturation (Pang et al., 2008) .
The postsynaptic charge transfer increased concomitantly with the presynaptic capacitance for individual paired recordings (Fig. 7C) ; the relation was approximately linear, as has also been observed at a retinal ribbon synapse (von Gersdorff et al., 1998 ) and a central auditory synapse when saturation of AMPA receptors is blocked (Sun and Wu, 2001; Sakaba, 2006; Wölfel et al., 2007) . For a total of 22 depolarizations of seven cell pairs, the slope of the relation was Ϫ1.01 Ϯ 0.07 kC ⅐ F Ϫ1 . As discussed below, this value can be used to obtain an estimate of the quantal response.
One qualification of these recordings is that the release of some transmitter by a rapid kiss-and-run mechanism could artifactitiously lower our estimate of the capacitance increase associated with a given postsynaptic response. Optical measurements from isolated retinal bipolar cells and hair cells suggest, however, that most release at synaptic ribbons involves the complete fusion of vesicles (Llobet et al. 2003; Zenisek et al., 2003) .
Electron microscopy and the capacitance of single vesicles
To estimate the capacitance change expected from fusion of a single synaptic vesicle, we conducted electron microscopy on hair cells in the region of the amphibian papilla from which our physiological results originated. At 23 active zones, we measured the dimensions of 119 vesicles whose perimeters were bounded completely by trilaminar membrane and which, therefore, lay mainly or entirely within the 70 nm sections (Fig. 8 A) . The geometric mean of the greatest and least diameters, measured at the center of the trilaminar structure, was 37.6 Ϯ 4.5 nm; the arithmetic mean was 37.8 Ϯ 4.5 nm. The amplitude distribution was well fit by a Gaussian function with mean value of 40.3 nm (Fig. 8 B) . The synaptic vesicles at this synapse are therefore of dimensions similar to those at the ribbon synapses of other hair cells in frog, turtle, and mouse (Lenzi et al., 1999; Schnee et al., 2005; Neef et al., 2007) . Assuming that the specific membrane capacitance (c s ) of a synaptic vesicle is similar to that for other biological membranes, so that c s Ϸ 10 mF ⅐ m Ϫ2 (Fettiplace et al., 1971; Albillos et al., 1997) , we estimate the single vesicle capacitance at 45 Ϯ 11 aF. However, synaptic vesicles contain an extraordinary number of transmembrane proteins (Takamori et al., 2006) , so the true value of c s might be lower than that of typical cell membranes. Nevertheless, expression of a high density of transmembrane . Presynaptic hyperpolarization during paired recordings. A, Spontaneous EPSC events originating from an unclamped hair cell display a large range of amplitudes. B, Voltage clamping the presynaptic hair cell to Ϫ90 mV eliminates all large events recorded from the same afferent fiber and reduces the frequency of the events. C, The rising phase of the amplitude distribution of 13,791 EPSCs from A was fit with a Gaussian function. Skewing of the distribution by large events occurred in a minority of recordings. The Gaussian fit yields a mean value of Ϫ105 pA, smaller than the value of Ϫ125 pA obtained from the average of all the events. D, Holding the hair cell at Ϫ90 mV shifted the amplitude distribution of 1542 EPSCs to a peak at Ϫ57 pA. The distribution is well fit by a Gaussian function with a mean value of Ϫ55 pA.
proteins in cultured cells has been shown not to alter the value of the specific membrane capacitance (Gentet et al., 2000) .
In the foregoing estimate, we made no correction in our measurements of the vesicle diameter for possible distortion produced by conventional tissue preparation for electron microscopy (Tatsuoka and Reese, 1989) . However, we note that synaptic vesicles preserved by highpressure rapid freezing, and examined by cryo-electron microscopy, have diameters identical to those prepared conventionally (Takamori et al., 2006) .
Discussion
The complex anatomy of postsynaptic neurons complicates the analysis of electrical recordings, for some synaptic inputs lie at a greater electrotonic distance than others from the recording site (Bekkers and Stevens, 1996) . At hair cell synapses, however, both the presynaptic and the postsynaptic elements are electrically compact. Using the hair cell synapses of the bullfrog's amphibian papilla, we have been able not only to conduct afferent fiber recordings to study postsynaptic currents but also to make hair cell capacitance measurements to examine the extent of presynaptic exocytosis.
Paired recordings and the unitary charge transfer
The amplitude histograms of spontaneous EPSCs under ordinary recording conditions show no substructure indicative of independently fusing vesicles. The effect of hyperpolarization suggests, however, that these synapses can release transmitter in smaller quantities that yield postsynaptic events of approximately Ϫ50 fC. These EPSCs might represent the response to single vesicle fusion events. Our dual recordings, which relate the postsynaptic response to the change in presynaptic capacitance, offer a means of buttressing this conclusion by providing an independent estimate of the unitary charge transfer.
We wish to determine the mean postsynaptic charge transfer q associated with the release of transmitter from a single vesicle, the fusion of which increases the presynaptic membrane's capacitance by an amount c v . If a protracted depolarization of a hair cell causes a measured increase C in the presynaptic membrane capacitance and evokes a postsynaptic response with a total charge transfer Q, then we expect that
Here, P is the probability that a vesicle's fusion occurs at a presynaptic active zone and can be sensed by the postsynaptic receptors, and R is the innervation ratio of afferent fibers per stimulated hair cell. The fusion of a single vesicle increases the presynaptic capacitance by an amount c v ϭ d 2 c s , in which d is the diameter of a vesicle and c s is the specific capacitance of the vesicle membrane; our electron microscopic results suggest that c v ϭ 45 aF. If P ϭ R ϭ 1, then the value of Q/C ϭ Ϫ1.01 kC ⅐ F Ϫ1 adduced from our physiological measurements implies a unitary charge transfer of q ϭ Ϫ45 fC, a value in very good agreement with that obtained from histograms of the postsynaptic charge transfer during hair cell hyperpolarization to Ϫ90 mV.
The foregoing analysis rests on two important assumptions. First, we suppose that most synaptic vesicles are released at presynaptic active zones so that P Ϸ 1. For hair cells acutely isolated from the bullfrog's sacculus, although, there is some ectopic exocytosis (Lenzi et al., 2002; Zenisek et al., 2003) . If the same occurs for hair cells of the amphibian papilla, the value of P might be less than unity. It is also possible that some afferent terminals are separated from their hair cells during dissection, again with the consequence of a lower value for P. The second assumption is that each depolarized hair cell contacts only the single afferent fiber involved in a simultaneous recording so that the innervation ra- Figure 5 . Ca 2ϩ sensitivity of multiquantal EPSCs. A, EPSCs were recorded from a voltage-clamped afferent fiber, while a connected hair cell dialyzed with 2 mM EGTA was depolarized for 10 s from a holding potential of Ϫ90 mV to each of the indicated membrane potentials. The majority of the EPSCs recorded at the most negative potentials were small and putatively uniquantal, but depolarization progressively increased the proportion of large and presumably multiquantal events. B, Averaged EPSCs from the same fiber with the hair cell held at the membrane potentials indicated. The numbers in brackets indicate the number of EPSCs averaged at each hair cell membrane potential. The frequency and average amplitude of the EPSCs increased as the hair cell was depolarized more strongly. C, EPSCs were recorded from another afferent fiber, while a connected hair cell dialyzed with 10 mM BAPTA was stepped for 10 s from a holding potential of Ϫ90 mV to each of the indicated potentials. The presence of a fast Ca 2ϩ buffer shifted the voltage dependence by ϳ10 mV with respect to that in A. The records were obtained 3.5 min after the inception of the whole-cell recording from the hair cell.
tio R Ϸ 1. Several lines of evidence support the contention that each afferent fiber receives its input from but a single hair cell. In particular, holding the hair cell in a paired recording at a potential of Ϫ90 mV suppresses significantly the frequency of postsynaptic activity, whereas the death of the hair cell interrupts all postsynaptic activity (data not shown). It is less certain, however, that each hair cell synapses with only a single afferent fiber; if this is not the case, R might exceed unity. Remarkably enough, the uncertainties associated with these two assumptions make contributions in the same direction to our estimate of q. If P were less than one or R exceeded unity, the consequence would be that some of the measured change in presynaptic capacitance would not be associated with a detectable postsynaptic response. As a result, the true value of q-and thus the amplitude of the unitary postsynaptic current-could only be larger than suggested by our calculation. The critical point is that the actual value of q is unlikely to be significantly smaller than we calculate. Our dual recordings, therefore, eliminate the greatest problem in most estimates of the magnitude of unitary events, namely that these events are so small that they are hidden in the noise of a recording.
Number of AMPA receptors activated by the fusion of one vesicle Our estimate of the unitary response is reasonable in the light of other information about the ribbon synapses of hair cells. At the Ϫ90 mV holding potential of afferent fibers, this quantal size corresponds to a postsynaptic conductance of ϳ600 pS. If each AMPA receptor at the ribbon synapse in the bullfrog's amphibian papilla has the conductance of ϳ20 pS observed for AMPA receptors in the auditory system (Parks, 2000; Sahara and Takahashi, 2001) , the unitary response we measure involves the gating of ϳ30 receptors. The largest putatively multiquantal responses that we have encountered, with magnitudes near Ϫ300 pA, would correspond to the activation of some 150 receptors. Freeze-fracture electron microscopy indicates that the postsynaptic membrane of afferent synapses in the mammalian cochlea is studded at a density of 3000 m Ϫ2 with large particles thought to be AMPA receptors (Saito, 1990) . The afferent terminals at the ribbon synapse of the sacculus, another receptor organ of the bullfrog's internal ear, display intramembrane particles of a similar density (Jacobs and Hudspeth, 1990) . In the region of the amphibian papilla under investigation, the postsynaptic membrane specialization at each ribbon synapse is ϳ150 nm across and 250 nm in length (Simmons et al., 1995; Keen and Hudspeth, 2006) . If the membrane at this ribbon synapse holds AMPA receptors at the density observed by freeze-fracture electron microscopy, there are ϳ110 such receptors directly opposing each presynaptic active zone. The rough agreement between this value and that for the maximal receptor activation provides further sup- . Paired recordings with capacitance measurements. A, In a representative hair cell afferent fiber paired recording, depolarization of the hair cell from Ϫ90 to Ϫ30 mV elicited a presynaptic Ca 2ϩ current (black) and capacitance increase (blue) and a postsynaptic EPSC (green). The total charge transferred (red) is the integral of the evoked EPSC. B, The postsynaptic charge transferred (red, n ϭ 11; dashed lines indicate SE range) is well correlated with the increase in capacitance of the presynaptic membrane (blue; n ϭ 6) induced by depolarizing pulses of different durations. This agreement suggests that AMPA receptors are not significantly saturated or desensitized during exocytosis. C, For each paired recording, the total postsynaptic charge transferred was plotted against the presynaptic membrane capacitance increase. The data were fit with a straight line through the origin with a slope of 1.01 kC ⅐ F Ϫ1 and a correlation coefficient of 0.86. port for our estimate of the unitary response. A high density of AMPA receptors at the hair cell synapse avoids receptor saturation (Raghavachari and Lisman, 2004) .
Origin of large EPSCs at individual synaptic ribbons
Because hair cells of the auditory papilla form several ribbon-type active zone sites onto one afferent terminal (Schnee et al., 2005; Keen and Hudspeth, 2006) , large EPSCs could in principle represent the simultaneous fusion of single vesicles at different synaptic ribbons. However, brief, local iontophoresis of Ca 2ϩ triggers large EPSCs (Fig. 3B) . Furthermore, the differential block of small and large EPSCs by ␥-DGG argues that large EPSCs do not originate from the simultaneous exocytosis of single quanta at different locations along the afferent terminal. Finally, the statistics of EPSC occurrence renders the probability that large EPSCs represent the random superposition of small EPSCs vanishingly small. Large events, therefore, originate at individual active zones through the release of glutamate onto a single postsynaptic cluster of AMPA receptors.
Coordinated, compound, and cumulative exocytosis
Our results demonstrate the occurrence in afferent fibers of unitary events of Ϫ50 fC in charge, or approximately Ϫ57 pA in amplitude. Whether recorded as spontaneous EPSCs or as components of evoked EPSCs, larger postsynaptic signals, therefore, represent the summation of several such unitary events. The usual response of approximately Ϫ130 pA implies the release of transmitter equivalent to two or three quanta; the largest events, approximately Ϫ300 pA in magnitude, correspond to the synchronous exocytosis of five or six quanta. Because we detected no temporal substructure in the waveforms of large events, we do not have evidence that they arise from independent vesicle fusions and cannot distinguish among three candidate mechanisms for the production of such signals: highly synchronous, cooperative fusion at distinct docking sites (Locke et al., 1999; Singer et al., 2004) ; compound fusion, in which several vesicles fuse together before undergoing exocytosis at a single site (Edmonds et al., 2004; Matthews and Sterling, 2008) ; and cumulative fusion, in which exocytosis by one docked vesicle initiates the rapid, piggyback fusion of several additional ones stacked along the ribbon (Hafez et al., 2003) .
Physiological role of multiquantal release
The predominance of multiquantal release at hair cell synapses raises the question of the rationale for such an energetically expensive process. We propose two potential, and not necessarily mutually exclusive, explanations. In the auditory epithelium, a tonotopic array of hair cells provides finely graded frequency information to central processing centers. To prevent undue mixing of information between frequency channels, an afferent ordinarily receives input from only one or a few hair cells. With few active zones and docked vesicles available for signaling, the auditory system may compensate by raising the release probability at each active zone. Under these circumstances, multiquantal events may be merely a statistical consequence of the high release probability necessary for encoding sensory signals. An alternative possibility is that the size of presynaptic fusion events is dynamically regulated to encode signal intensity, provide precise phaselocked temporal information, or reduce the background noise that arises from the high sensitivity of auditory receptor cells. Further experiments will be needed to determine the contribution of multiquantal signaling to information transfer at this peripheral auditory synapse. 
